A physical-chemical model is suggested, which is able to describe the enhanced discharge rate capability of lithium-ion cells by using laser-structured graphite anodes. Recently published test data of coin cells comprising unstructured and structured graphite anodes with LiNi 1/3 Co 1/3 Mn 1/3 O 2 cathodes is used for the presented purpose of modeling, simulation and validation. To minimize computational demand, a homogenized three-dimensional model of a representative hole structure is developed, accounting for charge and mass transport throughout the cell layers and one-dimensional diffusion within radial-symmetric particles. First, a standard pseudo-two-dimensional model is calibrated against rate capability test data of coin cells with unstructured anodes. The calibrated parameter set is transferred to the three-dimensional model in order to simulate the transient voltage response and the discharged capacity depending on the applied C-rate. The simulation data shows excellent agreement with experimental data for both cell types. Three stages of rate capability enhancement are identified showing an improved relative capacity retention of 11−24% at 3C. Experimental and simulation data reveal a restricted C-rate window, which can be positively affected by the structuring process, whereas both shape and pattern of the structuring process can be further optimized with the model. Lithium-ion batteries (LIBs) are the predominant energy storage solution for consumer electronics, electric vehicles and stationary energy storage devices. However, especially LIBs with high energy densities struggle to deliver sufficient energy at high discharge rates.
Lithium-ion batteries (LIBs) are the predominant energy storage solution for consumer electronics, electric vehicles and stationary energy storage devices. However, especially LIBs with high energy densities struggle to deliver sufficient energy at high discharge rates. 1 This rate limitation is caused by internal cell resistances of diverse origins, which has recently been reported to be dominated by the ionic resistance in the liquid electrolyte for common LIB electrode morphologies and operation strategies. 2, 3 The electrodes of LIBs typically consist of active material particles mixed with binders and conductive agents and are coated onto metallic current collector foils. The pores of the electrodes and the electronically insulating separator are filled with the electrolyte solution, enabling ion transport between the electrodes. In most automotive LIBs, lithium nickel cobalt manganese oxide Li(Ni x Co y Mn z )O 2 (NMC) is employed as the cathode active material due to its high specific capacity and voltage level vs. Li/Li + . For nearly all commercially available cells, graphite is used as the anode active material. Natural graphite particles have a flake-like shape, which makes them align parallel to the current collector foil during the coating and the subsequent calendering process. This particle orientation implies a strong tortuosity anisotropy within the graphite anodes, creating particularly long diffusion pathways for Li-ion transport through the electrode. 4 This results in large Li-ion concentration gradients within the electrode at high charge and discharge rates, causing concentration overpotentials and, consequently, a premature approach of the voltage limits resulting in an insufficient usage of the available capacity. 3 Previously, it has been demonstrated that structured electrodes can have a positive impact on the cell's performance at higher current rates. 5 Multiple fabrication processes have been introduced, such as co-extrusion of the active material 6 and combinations of extrusion and sintering processes. 7 Many of the battery concepts involve a three-dimensional (3D) cell setup, in which the electrodes interlock on a micro or nano scale, creating a large reaction surface area and excellent charge transfer characteristics. 8 As laser-based manufacturing processes have been gaining importance in the processing industry over the past decades, particular attention has been given to laser-structuring of state-of-the-art electrodes. This concept involves high-precision ablation of a small fraction of the active material from the initial coating, generating additional diffusion pathways, which = These authors contributed equally to this work.
* Electrochemical Society Student Member. z E-mail: ludwig.kraft@tum.de are solely filled with electrolyte. Significant improvements in rate capability were observed for laser-structured cathodes, e.g. consisting of lithium manganese oxide LiMn 2 O 4 , 9 as well as for graphite anodes. 10 A few simulation-based approaches have been published in the past, explaining the improved rate capability for structured cathodes 6, 11 and anodes 12 due to the reduced overall tortuosity of the electrodes. Based on the structuring process, a more homogeneous active material utilization is achieved and overpotentials are reduced during operation. To the knowledge of the authors, no experimentally validated physical-chemical model of LIBs with structured graphite anodes has been presented so far. Such a model, however, is needed to optimize the geometry of the superimposed structure while taking manufacturing constraints into account. In the work presented here, a homogenized 3D model of an NMC/graphite cell with laser induced microstructures within the anode is introduced taking onedimensional (1D) diffusion within the solid particles into account. The adapted 3D+1D electrochemical model is based on Newman's pseudo two-dimensional (p2D) model of a LIB 13 accounting for both theories of porous electrodes and concentrated solutions. 14 The presented model is implemented and solved with the aid of a commercially available finite element method (FEM) tool. Geometrical features of the electrodes are matched to previously measured data. 10 Most relevant material parameters, such as the open circuit potentials of the used materials, were determined experimentally. The model is utilized to not only predict the transient voltage curves for discharge rates from C/5 to 10C and the derived capacity at the end of discharge, but also to determine Li-ion concentration gradients throughout the cell representing the cause of overpotentials during operation. The simulation results show excellent accordance with experimental data collected during the considered rate capability tests. Based on these results, the presented model can be used for optimizing a superimposed electrode structure, allowing for further improvements in terms of rate capability of LIBs. ink contained 95 wt% graphite (SGL Carbon, Germany) and 5 wt% polyvinylidene fluoride (PVDF, Kynar, Arkema, France). The NMC ink was made of 96 wt% LiNi 1/3 Co 1/3 Mn 1/3 O 2 (BASF, Germany), 2 wt% PVDF and 2 wt% conductive carbon (C65, Timcal, Switzerland). Slot die coating was performed in an industrial roll-to-roll coating machine (Coatema, Germany) equipped with an infrared dryer at a coating speed of 1 m min −1 . Subsequently, the coatings were calendered to a final porosity of approximately 35%. After calendering, the average coating thickness was 64 μm for both anode and cathode.
Laser-structuring of anodes.-For laser-structuring, a femtosecond laser (Spirit One 1040-8, Spectra-Physics, USA), operating at an infrared wavelength of λ = 1040 nm with a pulse duration τ p of 400 fs was used. Only the anodes were structured, the NMC cathodes remained pristine as a larger effect on the overall tortuosity can be achieved in comparison. The beam diameter d 0 in the focal plane (on the electrode surface) was 17.2 μm and the peak fluence 0 was 33.6 J cm −2 . The repetition rate f rep used for ablation was 1 kHz and a pulse number n = 100 was applied to achieve an average structure depth d s of approximately 52 μm and an average structure diameter of approximately 20 μm at the electrode's surface, measured with a confocal microscope. Toward deeper parts of the electrode (close to the current collector), the structures narrowed. The structures were spatially distributed in a hexagonal shape with a lateral length of 70 μm, resulting in approximately 20400 structures per cm 2 . The ablated fraction of the coating materials for the chosen process parameters was around 5 wt% of the composite electrode material, determined by weighing electrodes before and after structuring. For more details on the experimental setup, the reader is referred to Habedank et al. 10 An image of the resulting structure distribution and geometry gained by means of scanning electron microscopy (SEM) is presented in Fig. 1 . It becomes apparent, that the laser-induced structures are not uniformly shaped as the electrode consists of particles of different sizes and shapes. The local electrode conditions thus play a decisive role in the resulting characteristics of the structure.
Half cell assembly and open circuit potentials.-The open circuit potential curves of the utilized unstructured graphite and NMC electrodes were measured in 2032 type coin cells vs. a lithium metal electrode. The half cells were assembled in an argon filled glove box (M. Braun Inertgas-Systeme, Germany) with H 2 O < 0.1 ppm and O 2 < 0.1 ppm. Each cell was filled with 150 μl of electrolyte (LP57, BASF, Germany), containing ethylene carbonate (EC) and ethyl-methyl-carbonate (EMC) in a ratio of 3:7 (by weight) with 1 M lithium-hexaflourophosphate (LiPF 6 ). As a separator, a glass microfiber sheet (Type 691, VWR, USA) was employed. In its uncompressed state, the separator has a thickness of 260 μm. Due to the compression during cell assembly, the separator thickness was estimated to be 200 μm. 15 For the measurement of the quasi open circuit potential as a function of the degree of lithiation, the cells were charged and discharged three times at rates of C/50 in a dry room at a controlled temperature of 20
• C between 4.3 V and 2.9 V (NMC) and between 1.6 V and 0.05 V (graphite). In order to derive representative open circuit potential curves from this procedure, an averaging between lithiation (NMC) and delithiation (graphite) of the considered working electrode was carried out for all three C/50 cycles. The averaged open circuit potential curves that were used for modeling and simulation are shown in Fig. A1 in the Appendix. The individual cell capacities for specifying the applied C/50 current were calculated by determining the coating mass assuming mass specific capacities of 150 mAh g −1 for NMC and 360 mAh g −1 for graphite.
Full cell fabrication.-Three 2032 type coin cells with unstructured anodes and three coin cells with laser-structured anodes were assembled analogously to the half cell assembly described in the previous section. As common practice for Li-ion cells, the areal capacities of the graphite anodes were slightly overdimensioned compared to the NMC cathodes in order to account for irreversible losses during formation and to avoid anode potentials below 0 V, which would result in an undesired Li-plating reaction during charge. In the case presented here, an overdimensioning factor of approximately 1.2 of the pristine anode was chosen so that Li-plating could be avoided at all times during cycling. As only 5 wt% of the coating was removed during the laser-structuring process, this overdimensioning was considered sufficient so that Li-plating during charging could also be avoided in this case. As the mass loading of the pristine graphite anodes was kept constant, the structuring process inevitably resulted in a change in the capacity balancing of the electrodes. This effect needs to be taken into account especially during modeling and simulation and will be further discussed in the modeling section. As the electrolyte, LP572 (BASF, Germany) was used, which consists of EC and EMC in a gravimetric mixing ratio of 3:7 with 1 M LiPF 6 conductive salt and 2 wt% vinylene carbonate (VC). As the full cell test data has already been published elsewhere, 10 no further details on the cell fabrication procedure are discussed here. The focus of the work presented here lies on model validation by means of this experimental test data, which is why only essential information is given. Material and fabrication parameters relevant for modeling and simulation purposes are listed in the Appendix of this paper.
Formation procedure.-All cells went through a formation procedure of three charge and discharge cycles at a C-rate of C/10 in order to sufficiently form the solid electrolyte interphase (SEI) on the surface of the graphite particles before the subsequent rate capability test was carried out. Charging was conducted using a constant current/constant voltage (CCCV) operation with a cutoff current of C/20 and discharging was performed in a constant current (CC) procedure within a voltage window of 4.2 V to 3.0 V at a constant temperature of 20
• C.
Rate capability test.-After formation, the cells underwent a rate capability test at a controlled temperature of 20
• C whereas the applied current was derived from the capacity of the cell after the last formation cycle at C/10. The area-specific values for the adapted C/10 discharge current are shown in Table I for each individual cell considered in this study. As can be seen from this table, all cells investigated in this work showed comparable areal capacities with only slight deviations between the samples. This was considered to be of major importance in order to allow for a straightforward comparison in absolute capacity retention. Higher C-rates are a multiple of the corresponding C/10 discharge current. Charging was carried out following a CCCV procedure and discharging was performed in a CC procedure within a voltage window between 4.2 V and 3.0 V from C/10 to 10C. The constant voltage (CV) phase during charge was terminated when a charging current smaller than C/20 was reached. Charging currents were C/10 and C/5 for the corresponding discharge cycles of C/10 and C/5, respectively. After that, a charging current of C/2 was applied. The resulting discharge rate capability is shown in Fig. 2 . As can be seen from this figure, all investigated cells show quite comparable behavior. The cells containing structured anodes show an even more reproducible behavior compared to the cells with unstructured anodes. As can be clearly seen from the experiments in Fig. 2 , the structuring process results in an overall improvement of the cell's absolute capacity retention, which becomes dominant beyond 2.5 mA cm −2 or 1C and fades again before 25 mA cm −2 or 10C. This effect will be further evaluated in the following sections.
Cyclic aging test.-Subsequent to the rate capability tests, the six coin cells comprising unstructured and structured anodes underwent a cycling test of 1000 cycles. The cells were charged with a CCCV procedure following a charging current of 1C until the cutoff voltage of 4.2 V and a cutoff current of C/5 in the CV phase. The discharge was carried out with a CC phase at a 1C discharge current until a cutoff voltage of 3.0 V. Similar to the rate capability tests, the ambient temperature was set to 20
• C. The capacity retention of the first CC discharge cycle was used as a reference. The capacity fade of each cell as a result of cyclic aging is displayed in Fig. 3 .
Modeling
In accordance with the homogenized p2D modeling approach for porous microstructures developed by Newman, Doyle and Fuller, 13, 14, 16 the model presented here consists of an anode, a separator, and a cathode domain in which both charge and mass transport are accounted for. The governing equations rely on porous electrode and concentrated solution theories and are listed in the appendix for the reader's convenience. Relevant model parameters representing the investigated coin cells are summarized in Table AI in the appendix. The Newman model originally considers a 1D representation through the layers of the electrochemical cell which is coupled to a second di- mension representing radial-symmetric active material particles (i.e. 1D+1D, hence p2D). This approach has proven to be valid if the cell shows a homogeneous behavior in the second and third in-plane dimension which allows to neglect gradients in these dimensions as the cell behavior is dominated by through-plane charge and mass transport. 17, 18 Only if these gradients cannot be ruled out due to e.g. the non-ideal spatial configuration of the current collectors and the positioning of the corresponding tabs, further means of model development need to be considered. 19, 20 In the case presented here, 1D and 2D models cannot be used to appropriately describe the hole structure created by the laser ablation process as gradients are expected to occur due to the spatial distribution of the superimposed structure. Furthermore, as already stated in the laser-structuring section, the hole structure is not uniform throughout the entire electrode but is highly dependent on the size and shape of the particles which are affected by the ablation process resulting in a rather coarse hole structure when visually comparing the holes one by one. In order to account for a representative hole structure on the one hand and in order to limit computational effort on the other hand, a homogenized 3D representation of the electrode layers is considered which is coupled to the aforementioned additional radial dimension representing the active material particles. This simplification follows the same line of thought initially suggested by the Newman group in order to efficiently describe porous insertion materials. If the electrode is large enough in terms of its planar dimensioning, every location along an electrode's normal vector can be represented by one particle that will be in contact with the surrounding electrolyte leading to the p2D approach, which is widely accepted and applied. The same principle accounts for a representative hole structure describing the general behavior of the structured electrode. Following this idea, there will be a particle at every location within the representative 3D structure which will be in contact with the surrounding electrolyte at this very location. Furthermore, a generalized or simplified hole structure representing the 20400 holes per cm 2 can be introduced. The specified differential equations have to be consequently solved in all three spatial dimensions of the homogenized 3D cell setup which implies:
Due to the increased spatial discretization effort, 3D models tend to have larger degrees of freedom (DOF), which inevitably causes a higher computational demand and, hence, longer computing times. To minimize the computational effort for solving the set of partial differential equations, the modeled electrode section takes most advantage of symmetry planes representing the structuring pattern. The definition of the modeled geometry is shown in Fig. 4 . The laser ablation process creates holes in a hexagonal pattern as can be seen from Fig. 1 . The x-direction of the modeled section represents the direction perpendicular to the layers of the cell following the same notation as the original Newman model. As the holes are homogeneously distributed across the cell, a triangular section of the structured anode is sufficient to describe the entire cell behavior, see Fig. 4a . In this case, a 30
• sector of the hexagonal structuring pattern is specified. The cross section of the anode is shown in Fig. 4b with l x , l y and l z representing the length in x-, y-and z-direction, respectively. In this case, l x is equal to the thickness of the negative electrode l neg . The distance between the centers of two adjacent holes accounts for 2l y . The inner radius of the hole is described by r i , the outer radius by r o and the depth by d. As the structures are not perfectly cylindrical, the shape was built by using a cubic Bézier curve
The Bézier curve runs in the interval 0 ≤ t ≤ 1. It starts at P 0 for t = 0 and terminates in the last control point for t = 1. Each control point P n is defined by its x n and y n component, the shape of the curve was controlled by the weighting coefficients w 1 and w 2 . The control points are provided in Table II .
All remaining parameters are listed in the Appendix in Table AI . The resulting idealized 3D geometry is displayed in Fig. 4c . The volume fraction of the modeled hole is 5.1% of the initial anode volume, which is in good agreement with the results of the laserstructuring process. To account for a reduced anode volume, the initial degree of lithiation of the unstructured anode was increased from 0.78 · c s, max, neg (see Table AI ) to 0.82 · c s, max, neg for the structured anode which represents this relative decrease. The thicknesses of the separator l sep and the positive electrode l pos are added to the geometry in x-direction.
The presented model of the Li-ion cell was implemented in the FEM-based software platform COMSOL Multiphysics 5.3. In order to depict the geometrical features of the hole, a high spatial discretization around the hole boundaries was chosen resulting in approximately 30000 DOF which need to be solved during computation. For comparison, a 3D model of an unstructured cell with a similar spatial discretization along the x-axis results in approximately 9000 DOF. For describing the unstructured cell, a classic p2D model with around 2000 DOF was chosen in order to save computing time. Table II . x and y components of the four control points.
In order to describe charge and mass transport in the porous microstructures of a Li-ion cell, a correction of the electrolyte's transport properties is necessary. An often used correction factor is the Bruggeman exponent which was empirically determined for porous structures formed of spherical particles. Recent research findings showed that the Bruggeman correction often underestimates the limitation of the transport properties especially in graphite electrodes formed of platelet-like particles. 4, [21] [22] [23] [24] In order to evaluate effective transport parameters, the tortuosity τ of the porous electrode structure needs to be known, which can be defined as the ratio of the direct path length to the effective path length of ion transport
with D l representing the diffusion coefficient in the liquid phase (i.e. the electrolyte), κ its conductivity and ε l the volume fraction of the electrolyte, also known as the porosity of the porous structure. The ratio of the tortuosity to the volume fraction is also known as the MacMullin number N M . [24] [25] [26] Ebner et al. further demonstrated that the electrode's tortuosity for spherical particles (e.g. NMC) shows an isotropic behavior, but for cylindrical (e.g. lithium cobalt oxide LiCoO 2 (LCO)) and platelet-shaped particles (e.g. graphite), an anisotropy of tortuosity can be observed that cannot be neglected when considering charge and mass transport in all spatial dimensions of an electrode. 4 Especially the through-plane tortuosity of graphite τ x is significantly higher than the in-plane tortuosity (with τ y = τ z ). In order to account for this effect, an anisotropic tortuosity was implemented in the graphite anode with τ x = 8 and τ y = τ z = 2.5. 4 The separator and the NMC cathode were considered to inhibit an isotropic tortuosity of τ x = τ y = τ z = 1.2 and τ x = τ y = τ z = 1.7, respectively (see Table AI ).
Results and Discussion
In this section, the data gained from the rate capability tests carried out for this work is presented and then discussed with the aid of simulation studies derived from the developed modeling approach. The results of the cyclic aging experiments carried out after the rate capability tests are discussed at the end of the section.
Effects of structuring on rate capability.-All rate capability tests were carried out as described in the experimental section at C/10, C/5, C/2, 1C, 2C, 3C, 4C, 5C and 10C at an ambient temperature of 20
• C. As the coulombic efficiency of the C/10 cycles after the formation procedure was only 99.1% on average, this data is not considered in the further process of this work. The authors believe that the process of formation was not completely finished at this stage, which might falsify the observed trends if taken into consideration here. From the C/5 cycles onwards, all cycles showed efficiencies above this value rising toward 99.7%. Therefore, all further observations were focused on C-rates larger than C/10. In Fig. 2 , the mean area-specific discharged capacity is shown as a function of applied current density. As indicated by the error bars, a variation in both directions occurs, whereas the variation in applied current follows the notation presented in Table I , which is based on the derived capacity at the end of the carried out formation cycles. The cathode samples used for building the coin cells were chosen in such way, that the loading of the capacity limiting electrode, i.e. the cathode, was very similar for both unstructured and structured cells (see experimental section). This approach resulted in a highly reproducible area-specific capacity of approximately 2.5 mAh cm −2 at low current densities for all cells considered within this study, which guarantees a most straightforward comparison of the results gained from the rate capability tests. For the reader's convenience, besides area-specific values (see Fig. 2 ), also the capacity retention normalized to the C/5 discharge rate (see Fig. 5a ) and the difference in normalized capacity retention (see Fig. 5b ) is shown in this work. When looking into the difference in normalized capacity retention, the impact of electrode structuring can be categorized in three different stages depending on the applied C-rate and increase in derived capacity. The area-specific energy density is not shown here, as the voltage level only merely varies between coin cells with structured and unstructured anodes. Therefore, the area-specific capacity and area-specific energy density as a function of applied C-rate show very similar characteristics in this work. As the volume of the anode does not change with the structuring process, the volumetric energy density of the cell directly follows this trend. Based on the lower density of the electrolyte compared to the composite anode, the overall weight of the electrolyte soaked anode is reduced by approximately 3%. This will slightly improve the gravimetric energy density of the full cell. For all applied currents, the coin cells comprising structured anodes generally showed a larger discharged capacity compared to their unstructured counterpart, as can be seen in Fig. 2 . In the case presented in this study, this effect suddenly becomes dominant at discharge current densities above 2.5 mA cm −2 or 1C reaching its peak impact around 7.5 mA cm −2 or 3C and steadily declines at current densities above this value as shown in Fig. 5b . As can also be seen from Figs. 2 and 5a, there is a rather gentle decrease of the discharged capacity with increasing current density up to 2.5 mA cm −2 or 1C, which then becomes more pronounced up to 7.5 mA cm −2 or 3C and then finally decreases again in its steepness. In order to understand the interplay of mechanisms leading to this effect, the presented model was applied. For this purpose, a standard p2D Newman model was considered first, in order to match the parameter set to the results of the rate capability tests with cells comprising unstructured anodes. As shown in Figs. 5a and 6a, the relative decline in capacity retention with rising C-rate at the end of the discharge as well as the transient characteristics of the voltage response during discharge can be depicted very well with the parameter set given in the Appendix.
This parameter set was then transferred to the 3D representation of the homogenized structured electrode model. With a simulated hole diameter of roughly 20 μm, 80% of penetration depth and 70 μm of distance between the centers of the holes, the rate capability tests performed on cells comprising structured anodes could also be depicted very well. Again, this accounts for both the absolute and the relative decline in discharged capacity with rising C-rate at the end of the discharge procedure (see Fig. 5a ) as well as the transient characteristics of the voltage response during discharge (see Fig. 6b ). . Li-ion concentration in both liquid (left) and solid phase (right) averaged along y-and z-direction at the end of the corresponding discharge step; solid phase concentration accounts for the mean concentration within the particle dimension.
Mechanisms of rate limitation.-When looking into Fig. 5a , the C-rates of C/5, C/2 and 1C are almost not affected by the structuring process. Also, the similar trend of the decline in discharged capacity hints at a limiting effect which is not influenced by the structuring process and consequently charge and mass transport in the liquid phase. This assumption can be proven when looking into Figs. 7a and 7b. The spatial distribution in liquid phase concentration at the end of the discharge procedure is almost identical for both the unstructured and structured cells with rising gradients between the anode and cathode for increasing C-rate. The same holds true for the spatial distribution in solid phase concentration. The utilization of the electrodes is constantly above 90% with almost no gradients along the thickness of the electrodes. At C-rates of 1C and below, this observation leads to the assumption that the capacity retention is mainly influenced by an increased potential drop based on ohmic losses and charge transfer kinetics with increasing C-rate. From 2C onwards, a more homogeneous liquid phase concentration can be observed for the cells with structured anodes compared to those with unstructured anodes with lower maximum values, which positively influences the transport properties of the electrolyte (see Fig. 7c ). This results in a considerably homogenized solid phase concentration along the electrode with lower mean values on the anode side which leads to higher overall solid phase concentrations on the cathode side at the end of the discharge procedure (see Fig. 7d ). At C-rates of 4C and above, the homogenizing influence of laser beam structuring on both the liquid and the solid phase concentration is considerably diminished as shown in Figs. 7e and 7f . At these C-rates, the limiting influence in the liquid phase on the cathode side becomes increasingly dominant, reaching almost a complete depletion of Li-ions, which results in large overpotentials related to charge transfer kinetics (see Fig. 7e ). In addition, the liquid phase concentration within the anode domain rises above 4 mol l −1 which significantly reduces both its conductivity and diffusivity resulting in large ohmic and diffusion based overpotentials. The electrolyte conductivity is reduced to 35% and the diffusivity to 14% at 4 mol l −1 compared to the values at the initial liquid Li-ion concentration of 1 mol l −1 . In order to improve the rate capability of the cell at these high discharge rates, further modifications need to be considered such as different electrolytes with enhanced transport properties at such high levels of Li-ion concentration or an additional structuring of the cathode to avoid a complete depletion of Li-ions.
These observations suggest a classification of the influence of laser beam structured anodes on the rate capability of the cells: At low C-rates, electrode morphology plays only a minor role in capacity retention making laser beam structuring obsolete in general, i.e. stage (I) between 0.1C and 1C in this case. At moderate C-rates, the effect of anode morphology and related effective transport properties becomes dominant, showing the largest benefit of laser beam structured anodes, i.e. stage (II) between 1C and 3C in this case. At high C-rates, not only the anode morphology is mainly influencing the occuring overpotentials, but also the electrolyte's inherent transport properties as well as the morphology of the separator and cathode are becoming increasingly important approaching a depletion of the electrolyte near the cathode current collector, i.e. stage (III) between 3C and 10C in this case. It is worth mentioning here, that the chosen glass fiber separator is not representative for commercial Li-ion cells, where separators are used which are about a magnitude thinner (i.e. approximately 10-30 μm). The glass fiber separator was used in this case due to ease of handling and comparability between half cell and full cell measurements. For the here presented results, this circumstance should only have a mere influence on the investigated rate capability as the overpotentials within the separator are dominated by the effective transport properties of the electrolyte, resembling an effective path-length of ion movement. The chosen glass fiber separator shows a MacMullin number of approximately 1.7 in its compressed state of 200 μm, which results in an effective path-length for the Li-ions of 340 μm. A standard polyolefin based separator with a thickness of 25 μm and a porosity of 40% inhibits a MacMullin number between 10 to 15, 24 resembling an effective path-length of 250-375 μm, which is very comparable to the chosen glass fiber separator.
In order to not only evaluate the through-plane but also the inplane penetration depth of the structuring procedure, the 3D spatial distribution of Li-ion concentration in the solid and liquid phase was studied at the end of a 3C discharge step. For this purpose, five cut planes were introduced along the thickness of the structured anode (compare Fig. 4c ) at a constant distance of 16 μm between them (see Figs. 8a and 8b) . Looking into the spatial distribution of both the liquid and solid phase concentration, a fairly homogeneous coloring of the cut planes can be observed, whereby the coloring level is mainly dominated by the through-plane distribution in Li-ion concentration. This implies that the concentration gradients along the hole's axis are generally larger than the concentration gradients along the hole's radial direction.
Near the interface between the anode and the separator (i.e. planes V and IV), there is only little variation in Li-ion concentration throughout the cut planes in both the liquid and the solid phase. This tendency is confirmed when looking into the normalized liquid and solid phase concentration along the hypotenuse symmetry axis of the considered triangular electrode domain (see Figs. 8c and 8d) . Furthermore, we observe an increasing gradient from the bulk material between the holes to the center of the hole with increasing distance to the separator along the depth of the holes (i.e. planes III and II). In case of the liquid phase concentration, the spatial distribution within the unstructured part of the electrode (i.e. plane I) becomes fairly homogeneous again, however, at significantly elevated levels of concentration. This jump becomes especially apparent when looking into the level of liquid phase Li-ion concentration within the hole (i.e. at y = z = 0 within planes V, IV and III) compared to the unstructured part of the electrode (i.e. at y = z = 0 within plane I). A similar trend in the solid phase concentration can be observed, whereas a considerable gradient in Li-ion concentration remains near the current collector in the range of a third to a half of the total through-plane concentration difference, which can be explained by the comparably slow diffusion-based equalization process within the solid phase compared to the liquid phase. 17 These observations imply that the penetration depth of the structuring process not only varies for the liquid and solid phase concentration but is highly dependent on the size and the depth of the hole as well as the distance between the holes. These results suggest that the size, the depth and the shape of the hole itself as well as the structuring pattern can be optimized in order to obtain an improved rate capability within a certain operating window and price range.
Cyclic aging behavior.-From the overall cycling behavior displayed in Fig. 3 , no distinct indication can be observed that coin cells comprising structured or unstructured graphite anodes show superior aging characteristics. What is more, the developing spread between the cells might be a result of the manual cell assembly process or partial deterioration during the rate capability tests with high C-rates. Nevertheless, all cells comprising structured anodes reveal a capacity retention above 83% after 1000 cycles, whereas two cells with unstructured anodes already showed a capacity fade toward 65%. This leads to the conclusion that the laser-structuring process of the graphite anodes has no negative impact on the cyclic aging behavior of the coin cells. If coin cells comprising structured anodes even show an enhanced aging behavior needs to be evaluated by means of further measurements including more cells and cells that did not undergo a rate capability test before the carried out aging study.
Conclusions
Within this work, a combination of experimental and simulationbased evaluation of laser-beam structured graphite electrodes for enhancing the discharge rate capability of a NMC/graphite Li-ion cell was presented. As the experimental basis of this work, coin cells with a constant loading of approximately 2.5 mAh cm −2 were manufactured, whereas the NMC cathode was the capacity limiting electrode and the pristine graphite anode was oversized by approximately 20% in capacity so that the laser beam ablation of roughly 5 wt% did not result in an elevated risk of Li-plating during cycling. For simulation purposes, a representative homogenized microstructure model of the considered laser-beam-structured graphite electrode was developed and validated against rate capability tests, which were performed on both coin cells with unstructured and structured graphite electrodes. 10 In a first step, the underlying physical and chemical model parameters were adapted toward the unstructured coin cells with the aid of a standard p2D Newman-type model resulting in an excellent agreement between experimental and simulated rate capability tests. This parameter set was then transferred to the homogenized 3D+1D microstructure model, forming a representative triangular section of the structuring pattern making most use of symmetry planes in order to minimize computational effort. Due to the inevitably higher spatial discretization effort around the hole geometry, which was qualitatively approximated by a cubic Bézier curve toward SEM pictures, the computational demand increased by a factor of approximately 15 compared to a standard p2D model (30000 DOF vs. 2000 DOF). Simulated rate capability tests, which were carried out with the aid of the parametrized structured electrode model, were validated against experimental data showing again excellent agreement in terms of the transient voltage decline during discharge as well as the observed reduced capacity retention with increasing C-rate. It was shown, that for the electrode morphologies and materials considered in this case, the maximum benefit of structuring the graphite electrode was around a discharge rate of 3C. At low discharge rates, there is merely an influence of the structuring process (here up to 1C), which then suddenly changes at 2C rising toward its maximum impact at 3C of gaining between 10% and 15% in capacity compared to cells without structured graphite anodes at C/5. This corresponds to a relative improvement of capacity retention of 11-24% at 3C, at which the minimum and maximum capacity retention of the structured cells at 3C are related to the mean capacity retention of the unstructured cells at 3C. Beyond 3C, the impact of the structuring process declines again, however, at a comparably lower rate. This implies, that there forms a certain C-rate region in which the use of structured electrodes can considerably enhance a cell's rate capability forming an optimum. In other words, structured electrodes do not necessarily come with an overall improvement in rate capability of Li-ion cells at all applied currents as mass transport limitations within the electrolyte are still dominating at large currents despite the locally homogenized distribution in Li-ion concentration (e.g. overall electrolyte depletion in the NMC cathode 3 ). When looking into the simulated spatial Li-ion concentration in the liquid and the solid phase at the end of discharge, the effect of the structuring process on the rate limitation becomes apparent. At low C-rates (i.e. C/5, C/2 and 1C or stage (I)), the structuring process has almost no influence on the solid phase concentration in both anode and cathode. Consequently, the amount of discharged capacity is rather limited by an increasing polarization due to ohmic losses and charge transfer kinetics instead of transport limitations in the liquid electrolyte. At higher C-rates (i.e. 2C and 3C or stage (II)), the homogenized liquid phase concentration has a more dominant impact on the distribution in liquid and solid phase concentration especially in the graphite anode which results in higher degrees of utilization within both electrodes. When further increasing the discharge rate (i.e. 4C, 5C and 10C or stage (III)), the positive impact of electrode structuring on the homogeneity of liquid phase concentration fades, which then results in a similarly inhomogeneous utilization of the graphite anode. What also becomes apparent is that the level in liquid phase concentration within the cathode generally decreases with increasing C-rate which is based on the ongoing depletion of the electrolyte resulting in increased charge transfer overpotentials. Similarly, the liquid phase concentration within the anode becomes excessively high (> 4 mol l −1 ), which significantly reduces the inherent transport properties of the electrolyte, resulting in large ohmic and diffusion based overpotentials. This effect cannot be significantly influenced by a structuring of the anode but needs further modifications such as using enhanced electrolytes or including an additional structuring of the cathode.
The results shown in this work imply that not only the anode structuring process can enhance the discharge rate capability of the entire cell in a certain range but also that modeling and simulation can help to understand the underlying mechanisms and interactions resulting in this enhancement. By evaluating the through-plane and inplane distribution in Li-ion concentration throughout the electrodes, the ideal hole size, geometry and pattern can be identified in order to maximize the rate capability within a limited operating window. By further considering the costs of the electrode structuring process and also of the excess electrolyte within the holes, a cost-effective rate capability enhancement can be achieved. This can be best explained when considering Fig. 5b , where the peak location, height and width of the curve can be altered by changing the size, the shape and the pattern of the superimposed structure. In order to be able to reliably optimize the structure, inherent transport properties of the applied electrolyte need to be characterized well throughout the entire concentration range occurring during operation before salt precipitation takes place (i.e. beyond 4 mol l −1 in this case). The same holds true for a thorough characterization of the anisotropic electrode morphology. Further work will focus on this optimization procedure, not only for the graphite anode, but also for the NMC cathode during both discharge and charge operation for various electrode loadings. Furthermore, the model error accompanied with the homogenization of the microstructure will be evaluated and investigated in terms of means of a further model order reduction.
where ε l is the porosity or the liquid phase fraction of the electrode domain, D l, eff the effective diffusivity, i l the ionic current density, F the Faraday constant, ε s the solid phase fraction, r p the particle radius and j n the pore wall flux. In the separator, there is no charge transfer reaction taking place, hence, the mass balance simplifies to
The ionic current density accounts for the interaction between the different species in the electrolyte which is why the activity dependence is essential
with κ eff being the effective ionic conductivity, l the potential in the liquid phase and R the ideal gas constant. At high C-rates the Li-ion concentration in the electrolyte can locally become very low due to transport limitations. To prevent the concentration from becoming zero or even negative, which causes instability of the model, a kinetic modification introduced by the Newman group 27 was implemented. The Butler-Volmer equation, which describes the charge transfer between the solid and the liquid phase on the particle surface is divided by a limitation term with c lim = 1 mol m and k a and k c are the anodic and cathodic reaction rates, respectively. The overpotential η is defined as a subtraction of the potential of the liquid phase l and the equilibrium voltage E eq from the potential of the solid phase s
Finally, the following boundary conditions have to be maintained
with L = l neg + l sep + l pos .
with i s being the electric current density. In literature, only a few electrolytes used in Li-ion cells have been characterized adequately so that they can be used for the purpose of model parameterization. [27] [28] [29] [30] [31] Necessary characteristics are diffusivity, ionic conductivity and activity dependence of the electrolyte. These characteristics depend on the Li-ion concentration and on the temperature, which is kept constant in this case. Due to various electrolyte compositions, the resulting curves differ slightly but overall show a similar trend. The electrolyte diffusion coefficient and the electrolyte ionic conductivity were adopted according to Mao et al. 27 The corresponding unit for the following characteristic electrolyte functions is mol l The electrolyte diffusion coefficient was slightly reduced by multiplying a factor f = 0.85. Mao et al. 27 used a polynomial fitting function for the ionic conductivity that is only valid in a certain concentration range. For concentrations above 3 mol l −1 , the conductivity starts to increase again due to the considered cubic fitting function. As larger Li-ion concentrations were observed in this work, the following fit was used, which is based on Eq. A16 with a constant temperature T = 293.15 K κ fit = 2.034 c l 2.512 0.55 exp − c l 2.512 1.55 [A17]
The effective diffusivity and ionic conductivity can be determined using the correction presented in Eqs. 4 and 5. The electrolyte activity dependence was taken from Valøen and Reimers 28 as it was neglected by Mao et al. 
